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Abstract. Poly(ionic liquid)s (PILs) are promising candidates used as solid electrolytes because of their excellent electro-
chemical properties and improved processability. Introducing light-sensitive groups to PILs appears as an attractive strategy
for developing novel smart PIL-based electronic devices. In this work, a new photoresponsive PIL-based solid electrolyte
was prepared by blending PILs containing coumarin groups (COU-PILs) with polyvinylidene fluoride hexafluoropropylene.
It was found that the ionic conductivity of COU-PIL solid electrolytes (COU-PIL SEs) can be reversibly modulated upon
alternative 365 and 254 nm light irradiation. In particular, the COU-PIL SEs exhibit a highly reversible and repeatable ma-
nipulation of ionic conductivity with a maximum conductivity modulation of 95%. This reversible control over ionic con-
ductivity is attributed to the photodimerization/photocleavage behavior of the coumarin groups.
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1. Introduction

Ionic liquids (ILs) exhibit unique properties such as
good thermal stability, negligible vapor pressure,
high ionic conductivity, and wide electrochemical
window. These properties make their corresponding
polymers, poly(ionic liquid)s (PILs), promising ap-
plication in the field of fuel cells, lithium batteries,
supercapacitors, and other electrochemical devices
[1, 2]. As solid polymer electrolytes in lithium-ion
batteries, PILs have been proposed to address the
safety issues caused by the leakage of conventional
liquid electrolytes [3]. At the same time, light-re-
sponsive materials have gained increasing attention
as noninvasive, remote, and precise control over
their properties can be achieved [4]. These conduc-
tive materials with photoresponsive electrochemical
properties display potential applications in optical
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memories and bio-imaging, photodetectors, photo-
controlled electronic circuits, and other fields [5—8].
Introducing light-sensitive groups to PILs appears as
an attractive strategy for developing novel smart ma-
terials. Several studies indicated that the combina-
tion of light-responsive molecules and ILs could
endow ILs with controllable ionic conductivity. For
example, imidazolium-based ILs containing light-
sensitive anions of trans-ortho-methoxycinnamic
acid displayed a ~130% increase in ionic conductiv-
ity under 3 h light irradiation in aqueous solutions
[9]. Azobenzene-based ILs exhibited reversible tun-
able ionic conductivity under UV/visible light irra-
diation with a maximum conductivity modulation of
10.7% [10]. From the view of practical application,
PILs are more attractive candidates used as solid
electrolytes when compared to ILs because of their
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mechanical stability and improved processability.
However, few light-responsive PILs with control-
lable ionic conductivity have been reported [11, 12].
Recently, Sumitani et al. [ 11] synthesized a light-ac-
tive PILs containing a ruthenium sandwich cation
and a polymeric anion and found that the ionic con-
ductivities of those PILs were reversibly tuned by
alternately using light and heat due to a coordination
structure transformation. Nie et al. [ 12] incorporated
imidazolium containing diarylethenes (DAEs) in a
poly(ethylene oxide) backbone and investigated the
light-induced conductivity manipulation of the ob-
tained PIL systems. Upon UV/visible light irradia-
tion, the imidazolium containing DAEs switched
from a ring-open isomer (having delocalized positive
charge) to a ring-closed state (having localized pos-
itive charge). In this case, the interaction between
mobile anions and DAE-based cations was regulat-
ed, and accordingly, the ionic conductivity was re-
versibly adjusted.

Light-sensitive PILs have shown great potential for
the fabrication of smart solid electrolytes. Simple
synthesis, high reversibility and desirable conduc-
tivity modulation need to be considered for design-
ing and developing light-sensitive PILs. Coumarin
and its derivatives are widely used as photorespon-
sive component because of their high-efficiency re-
versilibities, excellent biocompatibilities and poten-
tials for dimer formation via visible light [13].
Coumarin derivatives undergo [2+2] cycloaddition
when irradiated with a 320~365 nm UV light, while
the formed cyclobutane structures can be cleaved
when exposed to a ~280 nm light. Incorporating
coumarin groups into PILs (COU-PILs) enables the
transition between crosslinking and decrosslinking
among their chains upon irradiation with different
light sources, which will cause the change in ion trans-
port behavior through a polymer matrix.

In this work, we designed a photosensitive PIL-based
solid electrolyte to achieve reversible conductivity
modulation. The photosensitive COU-PILs were pre-
pared by a simple radical polymerization of quater-
nary ammonium-type IL monomer containing
coumarin groups ([DMAEMA-COU]J"[Br]"), and
subsequently an anion exchange reaction (Figure 1).
Since these COU-PILs themselves could hardly form
a robust film, they were generally blended with poly-
vinylidene fluoride hexafluoropropylene (PVDF-
HFP) to improve mechanical strength of the blend
film [14]. The reversible change in ionic conductivity

of the obtained coumarin-containing PIL solid elec-
trolytes (COU-PIL SE) film was investigated in de-
tail. It was shown that the ionic conductivity of
COU-PIL SE films was manipulated with high-effi-
ciency reversibility when irradiating these films with
alternative 365 and 254 nm light. The results indicate
a novel insight into the fabrication of smart photo-
controllable devices and wearable photodetectors.

2. Experimental

2.1. Materials

7-Hydroxycoumarin (99%) was purchased from
Meryer Chemical Technology Co., Ltd. (Shanghai,
China) 2-(Dimethylamino)ethyl —methacrylate
(DMAEMA) (99%), azodiisobutyronitrile (AIBN)
(99%), and butylated hydroxytoluene (BHT) were
obtained from Macklin Inc. (Shanghai, China). 1,3-
Dibromopropane (99%), lithium bis(trifluoro-
methanesulfonimide) (LiTFSI) (99%), potassium
carbonate (K,CO3) (99%), and magnesium sulfate
(MgSOy4) (99%) were supplied by Aladdin Chem-
istry Co. Ltd. (Shanghai, China). Polyvinylidene di-
fluoroethylene hexafluoropropylene (PVDF-HFP)
(My ~455000 g/mol) was purchased from Sigma-
Aldrich (St. Louis, USA). The monomer of DMAE-
MA was passed through a column of the neutral alu-
minum oxide in order to remove the added inhibitors.
Solvents, including dichloromethane (DCM), ace-
tone, methanol, dimethyl formamide (DMF), and di-
methyl sulfoxide (DMSO), were of analytical grade
and were used without further purification.

2.2. Characterization

The chemical structure of products was identified by
'H and *C nuclear magnetic resonance spectrometry
(NMR) using a BruckerAvance 11 DMX spectrome-
ter (Bruker, Germany) operating at 400 MHz. Ener-
gy-dispersive X-ray spectroscopy (EDX) was used
to determine the element content of COU-PILs with
field-emission scanning electron microscopy (Hi-
tachi SU8010, Japan). Fourier transform infrared
(FTIR) spectra were collected at room temperature
using a Nicolet Avatar 370 spectrometer (Thermo
Nicolet Co., USA) in the range of 4000400 cm™'.
The glass transition temperature (7,) was obtained
with a differential scanning calorimeter (DSC, TA
Q2000, TA Instruments, USA) at temperatures rang-
ing from —50 to 180 °C. Samples (5-10 mg) were en-
capsulated in standard aluminum pans, heated/cooled
at a rate of 10°C-min~' under N, protection, and the
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data during the first cooling were analyzed. Dynamic
mechanical analysis (DMA) was conducted with a
dynamic mechanical analyzer (Q800, TA Instru-
ments, America) at a fixed frequency of 1 Hz over a
temperature range of 20—150 °C with a heating rate
of 5°C-min~!. The mechanical properties of samples
were measured on a QL-5 instrument (OBT Testing
Equipment, Jinan, China) at room temperature with
a stretch speed of 2 mm/min.

The reversible photoresponse of the coumarin-con-
taining PIL system was assessed using UV-Vis ab-
sorbance spectroscopy on a UV-Vis spectrophotome-
ter (UV-2600, Shimadzu, Japan) at the scan speed of
200 nm-min~". An initial spectrum in the unexposed
state was collected, and the sample was then irradi-
ated with 365 nm UV light for different periods of
time. The UV-Vis spectra were recorded until the
equilibrium state was reached, followed by exposure
to 254 nm UV light for different periods of time.
The ionic conductivity (o) of the COU-PIL SE film
was tested by impedance spectroscopy measure-
ments with a CHI660D electrochemical workstation
(Shanghai Chenhua Instrument, Shanghai, China).
The films were sandwiched between two stainless
steel (SS) plate electrodes. The spectra were record-
ed in the frequency range of 0.01 Hz—1 MHz with
an alternating current (AC) amplitude of 5 mV. The
o values of the films were calculated according to
Equation (1):

o=+ (1)

where R and L are the bulk resistance and film thick-
ness, respectively, and S is the area of the steel elec-
trode. The power of 365 and 254 nm light was 3 and
15 W, respectively.
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2.3. Synthesis of 7-(3-bromopropyloxy)
coumarin

The synthetic route of 7-(3-bromopropyloxy)
coumarin was shown in Figure 1, and the exact ex-
perimental process was conducted according to pre-
vious methods [15]. 1,3-Dibromopropane (10 g,
50 mmol) and K,COs5 (10 g, 72 mmol) was dissolved
in 50 ml acetone in a 200 ml round-bottom flask and
started to reflux at 50 °C. Next, 7-hydroxycoumarin
(810 mg, 5 mmol) was added dropwise to the ob-
tained mixture within 30 min and refluxed for an ad-
ditional 2 h. After the reaction was complete, the
acetone was evaporated, and the mixture was parti-
tioned between 100 ml DCM and water. The DCM
layer was collected, and the water was extracted
twice with 100 ml DCM; then, the combined DCM
layers were dried with MgSO4. After drying, the
product 7-(3-bromopropyloxy) coumarin was ob-
tained (orange powder, yield: 82%). 'H NMR
(400 MHz, CDCl;) &: 7.64 (d, J=9.5 Hz, 1H), 7.38
(d, J=28.3 Hz, 1H), 6.88-6.81 (m, 2H), 6.26 (d, J =
9.5 Hz, 1H), 4.18 (t, J= 5.8 Hz, 2H), 3.61 (t, J=
6.4 Hz, 2H), 2.36 (p, J= 6.1 Hz, 2H). '*C NMR
(101 MHz, CDCl3) &: 161.9, 161.1, 155.9, 143.4,
128.9,113.3,112.9, 112.8, 101.6, 101.5, 66.0, 64.8,
32.0, 29.6.

2.4. Synthesis of quaternary ammonium-type
IL monomer ((DMAEMA-COU]*[Br])
7-(3-Bromopropyloxy) coumarin (1.558 g, 5.5 mmol),
DMAEMA (786 mg, 5 mmol), polymerization in-
hibitor BHT (22 mg, 0.1 mmol), and 15 ml acetone
were added into a 100 ml round bottom flask and
were mixed by vigorously stirring. The reaction was
carried out at 50 °C for 24 h under a nitrogen atmos-
phere. The resultant product was thoroughly washed
Q | B
DMAEMA Coo™~ N\*\/\/O

[DMAEMA-COUJ'[B]

O
0 | Br

AIBN

Q
(o]
Poly[DMAEMA-COU]'[Br]”

Figure 1. Schematic for the synthesis of photosensitive quaternary ammonium-type poly(ionic liquid)s (PILs) containing

coumarin groups, poly((DMAEMA-COU]'[TFSI]").
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with acetone at least 3 times and dried under vacuum
at 40°C for 24 h. The obtained [DMAEMA-
COU]'[Br] is a pale yellow powder with a yield of
69%. 'H NMR (400 MHz, D,0) §: 7.79 (dd, J=9.5,
2.0 Hz, 1H), 7.41 (dd, /= 8.8, 2.0 Hz, 1H), 6.83 (dt,
J=18.7,2.3 Hz, 1H), 6.73 (d, /= 2.4 Hz, 1H), 6.17
(dd, /=9.5, 2.0 Hz, 1H), 6.06 (s, 1H), 5.63 (d, J=
1.8 Hz, 1H), 4.65-4.47 (m, 2H), 4.23-4.02 (m, 2H),
3.79 (dd, J= 6.3, 3.5 Hz, 2H), 3.71-3.47 (m, 2H),
3.19(d,J=2.0 Hz, 6H), 2.37-2.20 (m, 2H), 1.82 (d,
J=1.9 Hz, 3H). 3*C NMR (101 MHz, DMSO-dg) §:
166.4, 161.8, 160.7, 155.8, 144.8, 135.9, 130.1,
127.2, 113.2, 113.2, 113.1, 101.8, 66.1, 62.5, 61.9,
58.6,51.2,22.6, 18.4.

2.5. Synthesis of
poly(IDMAEMA-COU]*[Br]")

Poly([DMAEMA-COU]'[Br]") was prepared via
free radical polymerization (Figure 1). IL monomer
[DMAEMA-COU]J[Br] (2.203 g, 5 mmol), initia-
tor AIBN (44.1 mg, 0.27 mmol), and methanol
(20 ml) were added into a three-necked flask. After
the mixtures were completely degassed, the reaction
was conducted at 65 °C for 24 h under a nitrogen at-
mosphere. Since poly([DMAEMA-COU]*[Br]")
was insoluble in methanol, the precipitation would
appear upon polymerization. After polymerization,
the obtained products were washed with methanol
3 times and then dried under vacuum at 40°C for
24 h. Poly([DMAEMA-COU]'[Br]") (yield: 80%) is
yellow powder. 'H NMR (400 MHz, DMSO-d) 5:
7.97 (s, 1H), 7.60 (s, 1H), 6.90 (s, 2H), 6.25 (s, 1H),
4.85 (s, 2H), 4.18 (s, 2H), 3.42 (s, 1H), 3.29 (s, 1H),
2.28 (s, 2H), 1.00 (s, 3H).

2.6. Synthesis of
poly(IDMAEMA-COUJ*[TFSI]")

Poly([DMAEMA-COUJ'[TFSI]") was prepared via

an anion exchange reaction. LiTFSI (3.445 g) and
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Figure 2. EDX spectra of poly((DMAEMA-COU]'[TFSI]").

poly((DMAEMA-COU]'[Br]") (4.406 g) were dis-
solved in 50 ml DMSO, and the solution was stirred
at room temperature for 12 h, followed by extraction
with excessive deionized water. After drying at 80 °C
for 48 h under vacuum, the poly([DMAEMA-
COUT'[TFSI]") was obtained (yellow powder, yield:
89%). As shown in Figure 2, energy-dispersive X-ray
spectroscopy (EDX) revealed that there was no Br-
remaining in poly((DMAEMA-COU]*[TFSI]"), in-
dicating a complete anion exchange reaction.

2.7. Preparation of coumarin-containing PIL
solid electrolyte films

In order to prepare photosensitive polymers, coumarin
groups were introduced to quaternary ammonium-
type poly(ionic liquid)s (PILs). The obtained PILs
were denoted as COU-PILs. Since these COU-PILs
themselves could hardly form a robust film, they are
normally blended with PVDF-HFP, widely used solid
electrolyte materials for improving mechanical
strength [16, 17]. In this work, the COU-PIL SE films
were prepared by blending COU-PILs, PVDF-HFP,
and LiTFSI, as shown in Figure 3. The COU-PILs,
namely, poly([DMAEMA-COU]*[TFSI]") and
PVDEF-HFP, were dissolved in DMSO, and the

’Stiring to dissolve in DMSO‘ — ’Adding LiTFSI‘

Figure 3. Preparation of the COU-PIL SE film.
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blending ratio by weight of COU-PILs to PVDF-
HFP was varied from 10/90 to 50/50. Then, LiTFSI
(20% of the total weight) was added to the mixture.
After complete dissolving, the resulting solution was
cast onto a polytetrafluoroethylene (PTFE) plate
with a casting knife. The obtained film was further
dried in a vacuum oven at 80 °C for 48 h. The thick-
ness of the COU-PIL SE films is 200+£20 pm.

3. Result and discussion
3.1. Effect of COU-PILs/PVDF-HFP blending
ratio on ionic conductivity and
mechanical properties

A series of COU-PIL SE films were prepared by
varying the COU-PILs/PVDF-HFP blending ratio
while keeping the LiTFSI content unchangeable in
order to explore the effect of COU-PILs content on
film properties. The effect of COU-PILs content on
the ionic conductivity of COU-PIL SE films is pre-
sented in Figure 4a. As expected, the ionic conduc-
tivity of the COU-PIL SE film increased with in-
creasing COU-PILs content. As shown in Figure 4b,
on the other hand, the tensile strength of the COU-
PILs SE film decreased while the tensile strain in-
creased as increasing COU-PILs content. This seemed
reasonable because COU-PILs themselves have low
mechanical strength and even could hardly form a
robust film. For example, the film with COU-PILs/
PVDEF-HFP blending ratio of 50:50, displayed the
highest ionic conductivity but lower mechanical
properties (tensile strength: 1.86 MPa, Young’s mod-
ulus: 15.38 MPa) among those SE films. However,
this mechanical property was still better than the
conventional PEO electrolyte films and other solid
electrolyte films reported in the literature [18, 19].

20 }
T 16}
S
(2]
o
)
12 +
08 1 1 1 1 1
10 20 30 40 50
a) Content of COU-PILs in COU-PIL SE [%)]

By considering ionic conductivity and mechanical
property comprehensively, the COU-PIL SE film
with the COU-PILs/PVDF-HFP blending ratio of
50:50 was used for the next investigation.

3.2. Structural photo responsiveness of
COU-PIL SE film

The structures of COU-PIL SEs are tuned by taking
advantage of the reversible photoresponse of coumarin
groups of PILs. Upon 365 nm irradiation, as shown
in Figure 5, dimerization occurred between PIL
chains to form a cross-linked structure, and the move-
ment of the polymer segments would be hindered.
After 254 nm UV irradiation, however, the dimer
dissociated to return to the original structure.

The dimerization of COU-PILs can be confirmed by
FTIR spectroscopy. Upon 365 nm light irradiation,

g#foo .

~ | Photodimerization
Y

Photocleavage

— ~—— PDMAEMA @ Singular coumarin ® Dimerized coumarin
b)

Figure 5. a) Reversible dimerization and cleavage of
coumarin groups upon exposure to 365/254 nm
light. b) Schematic diagram of crosslinking net-
work formation and dissociation.
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Figure 4. a) lonic conductivity and b) stress-strain curves of COU-PIL SE films with different COU-PILs/PVDF-HFP blend-

ing ratios.
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as shown in Figure 6, the intensity of the peak at
1616 cm™ (ring C=C stretching vibration) decreased
almost double when compared to the initial samples.
In addition, a small shoulder peak appeared at

— Initial
—— After irradiation with 365 nm light
—— After irradiation with 254 nm light
| 1616

- I

S5

S,

Q

8]

j

8

5 1765 1

@ 1
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<

T T T T
1800 1700 1600 1500

Wavenumber [cm~]

Figure 6. FTIR spectra of COU-PIL SE films after
365/254 nm light irradiation and before 365 nm
light irradiation.
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1765 cm™', which was attributed to the carbonyl
stretching of the H-H dimer [20]. Upon exposure to
254 nm light, COU-PILs SE films displayed almost
the same FTIR spectra as the initial samples, namely,
those before 365 nm light irradiation. Those changes
in FTIR spectra demonstrate the occurrence of pho-
todimerization and photocleavage of coumarin units
in the blending matrix.

Further detection of the photodimerization and pho-
tocleavage of coumarins units was conducted by
using UV-Vis absorption spectroscopy. As shown in
Figure 7a, the maximum absorption peak at 324 nm
was attributed to the coumarin double bond. The in-
tensity of this peak gradually decreased when irra-
diated with a 365 nm light, suggesting the dimeriza-
tion of coumarin groups [21]. Followed by the ex-
posure to 254 nm light, the absorption intensity at
324 nm increased gradually (Figure 7b), implying
that the formed coumarin dimers were cleaved. The
change in the maximum absorption peak clearly in-
dicated that the structural transition of COU-PILs
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Figure 7. UV-Vis absorption spectra of COU-PIL SE film upon light irradiation at the wavelength of a) 365 nm, b) 254 nm.
¢) Absorption at 324 nm for COU-PIL SE film during 7 cycles. Insets in a) and b) show the variations of dimer-

ization degree with light irradiation time.
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was reversibly tailored under light irradiation, which
makes it possible to control the ionic conductivity of
the COU-PIL SE film.

The light-induced structural change can also be eval-
uated by the dimerization degree, D, using Equa-
tion (2):

—A
Tot‘ 100% )

where A is the absorbance at 324 nm of the pristine
film and A, is the absorbance of the film at irradiation
time 7 (¢365 and f,54 mean 365 and 254 nm light irra-
diation, respectively) [22]. It can be seen from the
insets of Figure 7 that D gradually increased with 3¢5
and finally attained the maximum of 70% within
25 min, while it decreased with f,54 and reached an
equilibrium value of 28% within 20 min.

It was worth noting that D did not attain zero even
for prolonging light irradiation at 254 nm because
photocleavage and photodimerization of coumarin
groups occurred simultaneously upon 254 nm light
exposure [22-25]. For convenient comparison, one
photodimerization followed by one photocleavage is
defined as one cycle. As mentioned above, the ab-
sorption at 324 nm could attain equilibrium when
exposed to 365 and 254 nm for 25 and 20 min, re-
spectively. Here we employed the equilibrium ab-
sorption at 324 nm to evaluate the light-induced re-
versibility. Figure 7c presents the change in equilib-
rium absorption at 324 nm during at least 7 cycles.
The maximum absorption decreased from 0.7 in the
first cycle to 0.5 in the second cycle and finally 0.4
after 7 cycles, implying that some of the formed
coumarin dimers were not cleaved. This was possibly

2.0+

0.8

6 [-10 S/cm]

0.4F

& @

0.0F

0 1 2 3 4 5 6 7
a) Cycle number

attributed to the asymmetric fission of coumarin
dimer during photocleavage under 254 nm light that
resulted in irreversible crosslinking [22, 26]. This
decay in photoreversibility was unfavorable for the
tunable performance modulation. Fortunately, it
could be addressed by adding photosensitizer or in-
creasing the power intensity of the light [24, 27].

3.3. Photoresponsiveness of ionic conductivity
of COU-PIL SE film
Noticeably, the ionic conductivity varies with irra-
diation time and finally attains an equilibrium value.
For the COU-PIL SE film containing 50% COU-
PILs, the time for ionic conductivity to approach
equilibrium are 25 and 20 min for 365 and 254 nm
irradiation, respectively. The kinetics of ionic conduc-
tivity are not listed here, and only the equilibrium val-
ues are given in Figure 8 in order to show the repeat-
able change of ionic conductivity clearly. As present-
ed in Figure 8a, in the first cycle, the ionic conduc-
tivity decreased from 1.96-107 t0 2.32-10° S-cm™!
at 25 °C after 365 nm light irradiation within 25 min-
utes, suggesting that light irradiation decreased the
ionic conductivity by more than an order of magni-
tude. When the 254 nm light was employed, the
ionic conductivity increased significantly and at-
tained 90% of its original value, which may be due
to an incomplete decrosslinking. In fact, the pho-
todimerization and photocleavage of coumarin
groups themselves are typically time-dependent, and
even 60 min are required for photodimerization to
approach equilibrium [22, 25]. This time dependence
may be due to the confined light-induced structural
evolution caused by the lower mobility of polymer

1.0F

0.8F

0.6F

0.4fF

Normalized o [-]

0.2F

0.0F -

b) Cycle number

Figure 8. Reversible change in a) the ionic conductivity and b) normalized ionic conductivity of COU-PIL SE film exposed
to alternative 365 nm light for 25 min (red hollow symbol) and 254 nm light for 20 min (solid blue symbol). The
ratio of COU-PILs and PVDF-HFP in the SE film is 50/50.
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chains. In the subsequent cycle, however, the ionic
conductivity could be switched back to the starting
value, namely about 1.6-1073 S-cm™, upon 254 nm
light irradiation. The change in ionic conductivity
with light irradiation can be repeated at least 7 cy-
cles, implying an excellent reversible modulation.
The desirable repeatability of conductivity modula-
tion can also be clearly seen in Figure 8b. The nor-
malized o fluctuated in the range of 0.05~0.9 over
7 cycles, and the maximum conductivity modulation
was as high as 95%. Such a high modulation indi-
cates the efficient control of ionic conductivity, which
is favorable for various applications. In addition, these
results agreed well with those of dimerization as de-
tected by UV-Vis absorption spectroscopy (Figure 7),
implying that the photodimerization and photocleav-
age of coumarin units resulted in the reversible con-
ductivity modulation. It should be pointed out that
when the COU-PIL SE films were irradiated by
254 nm light in every cycle, their ionic conductivi-
ties can recover to about (1.5~1.7)-107 S-cm™! at

20 F
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0.8 |
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0 1 2 3 4 5 6 7
a) Cycle number
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08
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04rF

00F
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room temperature (Figure 8a), which is higher than
the minimum value of 10 S-cm™' (at 25°C) re-
quired for acceptable battery performance [28, 29].
This means that the COU-PIL SE film can be re-
versibly switched between conductive and non-con-
ductive states under alternating illumination of 365
and 254 nm light.

When the ratio of COU-PILs and PVDF-HFP in the
blending SE film was varied from 10/90 to 40/60,
the reversible behavior of conductivity was still ob-
served (Figure 9). In order to better show the effect
of COU-PILs component on reversible conductivity
modulation, the magnitude of the modulation of the
ionic conductivity (Ac) was calculated using Equa-
tion (3):

O0,— O
Ao = 7000 . 3)
where o is the conductivity of the unexposed state
and o is the conductivity after 365 nm UV irradia-
tion [10]. It can be observed from Figure 10 that the
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Figure 9. Reversible change in the ionic conductivity of the COU-PIL SE films exposed to alternative 365 nm light for
25 min (solid blue symbol) and 254 nm light for 20 min (red hollow symbol). The weight ratio of COU-PILs and
PVDF-HFP is a) 10:90, b) 20:80, c¢) 30:70, d) 40:60.

413



W. Xu et al. — Express Polymer Letters Vol.17, No.4 (2023) 406-416

100

98

96

%4

AG [%]

92

90 r

88

10

20 30 40
Content of COU-PILs in COU-PIL SE [%]
Figure 10. Conductivity modulation of the COU-PIL SE

films as a function of the weight ratio of COU-
PILs and PVDF-HFP under 7 cycles of illumina-
tion.

50

86

tunable magnitude of ionic conductivity was en-
hanced with increasing the COU-PILs content in the
blending film, supporting that the COU-PILs com-
ponents had played an important role in conductivity
modulation.

3.4. Reversible manipulation mechanism

It is well documented that Li ions are transported in
a polymer matrix via hopping from one coordinating
site to another, attaching to polymer backbone or
side chains [30, 31]. The segmental motion of poly-
mer chains facilitates the ions’ transport, thus im-
proving the ionic conductivity. Conversely, fabricat-
ing crosslinking network in a polymer matrix can
decrease the ionic conductivity of the polymer elec-
trolyte by restraining the mobility of polymer chains
[32]. Incorporating coumarin groups into the polymer
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matrix can achieve the reversible formation of cross-
linking structures [14, 25], which provides a feasible
strategy for reversible photocontrol over ionic con-
ductivity. Herein, the degree of crosslinking of COU-
PIL SE film upon successive 365 and 254 nm light
irradiation was evaluated by dynamic mechanical
analysis (DMA) to understand better the reversible
behavior of ionic conductivity in our system. The
modulus values shown in Figure 11 are utilized to
calculate the crosslinking density, namely, the num-
ber of moles of network chains per cubic meter (v,),
using Equation (4) [33]:
P
Ve = 3RT

“4)

where £’ is the storage modulus, R is the universal
gas constant and 7' is the temperature (7> T,). As
listed in the inset of Figure 11a, there was a signifi-
cant increase in v upon 365 nm light irradiation. Once
irradiated by 254 nm light, however, the v, value de-
creased dramatically despite the incomplete recov-
ery. Similar behavior was also observed in the first
cycle modulation, as shown in Figure 6 and Figure 7.
The segmental motion of polymer chains can also be
reflected by the change of 7,. In order to clearly
show the change in 7, the DSC curves in the tem-
perature range of —15 to 75°C are provided. As
shown in Figure 11b, the initial COU-PIL SE film
without illumination displayed a lower 7, of —0.5°C,
which probably resulted from the plasticization of
LiTFSI [14]. The T, increased to 41.1°C upon
365 nm light irradiation while decreased to 14.2°C
upon 254 nm light irradiation. The decrease of T,
meant increased free volume, which provided more

g Initial
—— After irradiation with 365 nm light
—— After irradiation with 254 nm light
ER I
S, -0.5°C
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k]
® 41.1°C
(0]
T
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Figure 11. DMA (a) and DSC (b) curves of COU-PIL SE film upon light irradiating at different wavelengths. Inset in a) gives
the crosslinking density before and after light irradiation.
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free space for Li ions to migrate in the polymer ma-
trix. These results indicated that the photodimeriza-
tion and photocleavage of coumarin components led
to the change of polymer segmental motion, produc-
ing reversible conductivity modulation.

4. Conclusions

We have developed a coumarin-containing PIL-based
solid electrolyte whose ionic conductivity can be re-
versibly tailored by photoirradiation. Upon 365 nm
light irradiation, the ionic conductivity decreased,
whereas it increased upon the subsequent light irra-
diation at 254 nm. This process can be repeated at
least 7 times, within which the maximum conductiv-
ity modulation was as high as 95%. The controllable
conductivity was attributed to the reversible forma-
tion of crosslinking structures caused by photodimer-
ization and photocleavage of coumarin components.
This strategy for fabricating a light-responsive PIL-
based polymer electrolyte provides a novel idea for
the development of functional materials such as
smart photo-controllable devices and wearable pho-
todetectors.
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